A mesoscopic simulation method is presented to predict the drying behavior of polymer films using a dissipative particle dynamics method (DPD) with a simple model for evaporation. A gas phase is set above the polymer solution, and then evaporation of the solvent particle is calculated with appropriate parameters which lead solvent particles to prefer the gas phase rather than the polymer solution. A solvent particle that moves into the gas phase is considered as a gas particle after being determined as having evaporated. An effective mass is considered, so as to represent the relatively slower motion of the polymer particle compared to the solvent particle and the dependence of solvent diffusivity on its concentration in a polymer solution. A time-dependent profile of solvent concentration throughout the polymer film was successfully calculated, and skin formation, which indicates significant concentration gradients on the surface of the polymer film, was also observed.
INTRODUCTION
The drying process of polymer solutions plays an important role in the formation of polymer films and coatings. To understand and optimize solvent diffusion, which is a dominant process of this phenomenon, various diffusion models based on the free-volume concept have been proposed.
1) The majority of the predicted results are comparable with experimental data and can be utilized for the design and optimization of processing operations. In some cases, however, inhomogeneous aspects such as migration of solvent molecules and phase separation of polymers become important. Such microscopic phenomena are beyond previous diffusion models, and therefore the development of novel methodology is required.
Though a molecular dynamics method is able to handle such microscopic concepts, this method is limited to a relatively small system within an order of tens of nanometer scale, due to computational costs. Considering the scale of the phenomenon where a typical thickness of polymer films are over the order of µm, a coarse-grained model seems to be an appropriate approach to this problem, rather than a conventional molecular dynamics technique.
In recent years, mesoscopic simulation techniques, such as a dynamic mean field theory 2,3) and a dissipative particle dynamics method (DPD) 4, 5) , have been applied to study the evolution of morphology in polymer systems during phase separation. In these methods, the polymer chain is commonly treated as a coarse-grained bead-spring model. Each bead corresponds to a group of several atoms. Mesoscopic simulation can treat a wide range of length and time scales of many orders of magnitude, compared to atomistic simulations such as molecular dynamics. These mesoscopic simulation methods have been successfully applied to some cases of practical interest, such as the microphase separation of binary polymer mixtures and di-block copolymer systems. 2, 3, 5, 6) However, there are no previous applications of the mesoscopic simulation to the drying process of polymer solutions. In this study, a novel approach is presented to avoid the above-mentioned problems that arise in the application of the conventional DPD method for the drying process of polymer films.
SIMULATION METHOD

The DPD Simulation Method
The dissipative particle dynamics method (DPD) is a mesoscopic simulation method originally proposed to study the hydrodynamic behavior of complex fluids. 7, 8) The method is based on the dynamics of soft particles interacting by conservative, dissipative, and random forces. By introducing a bead-spring type particle model, the method is extended to polymer systems. An outline of the model and the evolution algorithm of the DPD are described in this work. The particles are considered to be subject to conservative, dissipative, and 
In the simulation, weighting functions are selected as follows
The appearance of ∆t −1/2 in Eq. (6) is to ensure the consistent diffusion of particles is independent of the stepsize of the integration, as discussed by Groot and Warren. 4) The spring force, F ij S , for a polymer is considered as harmonic springs for the equilibrium bond distance r s ,
where C is a spring constant.
Problems in the Application of the DPD Simulation Method
Problems when a conventional DPD method is applied to the evaporation phenomena of polymer films are summarized in this section. The calculation possibilities are investigated for the drying process of a polymer solution using the conventional DPD method. Considering such a system, as shown in Fig.   1 (b), and with appropriate parameters that lead solvent particles to prefer the gas phase rather than the polymer solution, the evaporation phenomena are apparently simulated.
When the calculation is performed, however, the concentration of solvent particles increases in the gas phase, and accordingly the evaporation rate decreases. This is improbable in a real system, because the gas phase is open and more capacious.
Some procedures are devised to avoid such improbable results; such as using a much larger capacity of gas phase and having solvent particles removed from gas phase. However, there are problems for these procedures that need to be addressed; a large system size should be treated in the former case and the particle density decrease in the latter case. It should be noted that the number of particles and the particle density in the system should be constant throughout the DPD simulation.
Secondly, on account of soft interaction between particles in the DPD simulation, a polymer particle has a large diffusivity, as does a solvent particle. Therefore, concentration dependent diffusivity of the solvent can not be reproduced. In a preliminary DPD simulation, using a small system size of a 10×10×10 unit cell, it was confirmed that both solvent and polymer (connected particle number, n=10) diffusivities are not affected by concentration of the solvent. Moreover, diffusivity of the polymer is quite large, at approximately one tenth of that for the solvent particles. This result is contrary to the actual system described above. The reason for this inconsistency is not only the small number of connected particles for the polymer model, but also soft interaction of particles in the DPD system. Figure 3 shows the relation between the number of connected particles and the diffusion coefficients for a pure polymer system in a 10×10×10 unit cell.
The diffusion coefficients, D, are in proportion to n −1 for all three cases with different conservative parameters, a ij . This means that a DPD polymer model behaves like as Rouse model, which does not include excluded volume, and therefore there is no entanglement among polymer models. 9) Therefore, the low mobility of an actual polymer can not be attained unless a considerably long polymer model (n>10000) is used.
Note that an entanglement among polymer models is not yet
(12) Fig. 2 . Self-diffusion coefficients of benzene in polymer solutions estimated by a diffusion model. 1) represented at that situation. Considering the computation performance requirements, it is not realistic to simulate a polymer model equivalent to an actual system with an increased number of connected particles.
Evaporation Model
To overcome the first problem in the DPD simulation, a simple model is introduced to describe the evaporation of the solvent from the surface of the polymer solution. In the case of movement of solvent to the gas phase, the solvent particle is changed to a gas particle at the moment when it is surrounded by gas particles; regarded as evaporation (see Fig. 4 ). In this application to the drying process of polymer films, however, diffusion processes of the solvent in the polymer solution are dominant; and therefore it can be assumed that evaporation has occurred at the moment of passing of the solvent particle to the gas phase. In a usual evaporation process, evaporative cooling (latent heat) should be taken into account. Though an evaporation rate can be varied depending on the latent heat of the solvent, by means of modification of a conservative parameter between solvent and gas particles, this subject is not discussed in this paper.
Diffusion of Solvent in the Polymer Solution
The second problem in the DPD simulation was previously discussed for a polymer solution where the polymer model has a large mobility equivalent to the solvent particle and slow diffusivity of the polymer particles can not be sufficiently described by increasing the number of connected particles for polymer model. Another methodology should be introduced to restrict the mobility of the polymer particle, so as to describe the concentration dependent diffusivity of the solvent in polymer films. The following three options, to restrain the motion of particles in the DPD system, are considered:
1. Conservative force is enlarged or attractive force is adopted in Eq.(4).
Dissipative force is enlarged in Eq.(5).
3. Random force is diminished in Eq.(6).
In the preliminary calculation, the effect of the above options is evaluated. In option 1, the diffusion coefficient, D, of the particle decreases in proportion to 1/a ij , however computational instability occurs at large a ij . In the case where an attractive force is adopted, computational instability is also apparent. In option 2, D decreases in proportion to 1/γ, and the computational instability is apparent. On the other hand, as the random force diminishes by increasing the mass, m, in Eq. (6), the diffusivity of the particles can be significantly restrained without computational instability. For instance, the relation between the diffusion coefficient and the mass of the particles is plotted in Fig. 5 for a pure polymer system of n=10, with a unit cell of 10×10×10. Without employing a conservative force (a ij =0) the diffusion coefficient gradually decreases in Fig. 3 . Dependence between the self-diffusion coefficients and the number of connected particles (n) in pure polymer systems. Fig. 4 . Simple model for evaporation; (a) Solvent particle moved into the gas phase, and (b) it becomes a gas particle, regarded as evaporation. proportion to m −0.8 , whereas it drops drastically with the use of a conservative force (a ij =25, 104). This can be explained in that the thermal motion is restrained by the increase of m, as the motion of the particle cannot overcome the conservative force, which is a kind of barrier for particle motion. This leads to a significant drop of diffusivity at a critically large value of m.
The physical effect of option 3 is briefly mentioned. An increase of m causes a slow response from the random force, and the particles behave as if they have a large mass. Therefore, mass in the DPD simulation means an effective mass for the motion, but not an actual mass based on the molecular structure of a coarse-grained particle. Origin of the slow motion of DPD particles is considered to be from the low degree of freedom of the polymer molecule. This is attributed to effects of chemical bonding and strong molecular interactions, such as hydrogen bonding and surrounding particles with slow dynamics. Such relation between mesoscopic and atomistic models is a nontrivial subject and should be clarified in future work.
Regarding the gas phase, it works just as a buffer space to absorb an evaporated solvent particle from the polymer solution in this work. Therefore, physical properties such as diffusivity of the gas phase are not taken into account here. In actual system, the gas phase has quite low density and low effective mass should be assigned to gas particles. However, this subject is complicated problem and it is not dealt with in this work.
Diffusion coefficients of the solvent are calculated for various effective mass, with an n=10 polymer model, as shown in Fig. 6 . It is recognized that an effective mass works well to decrease solvent diffusivity at low concentration, similar to that of an actual system. Figure 7 shows plots of self-diffusion coefficients of toluene in polystyrene, fitted to the experimental data obtained from the pulsed-gradient spin-echo NMR technique. 10) In a fitting procedure, the calculated value of diffusion coefficient of pure solvent are fitted to an experimental data, then best fit is examined by changing an effective mass of polymer particles for the whole range of solvent concentration.
APPLICATION
Simulation Conditions
The drying behavior was compared between two cases with an effective mass m=100 and m=6.25. The simulation system has a size of 20(w)×60(h)×20(d) and a polymer model with n=10. For the initial condition, the polymer solution is set at h=0−40 and a gas phase is placed above it. The initial solvent concentration is 30 vol%. The conservative parameters adopted in this study are listed in Table I . The parameter between the solvent and gas particles is chosen so as to describe the intrusion of solvent into the gas phase.
In this study, the interaction range, r c , temperature, k B T, and the particle mass, m, of the solvent are chosen as units of length, energy and mass, respectively. The noise parameter, σ, is set at 3.0 (the friction parameter, γ, is 4.5). The bond distance is set at r s = 0.86 for the average distance of the nearest neighbor, at a particle density of ρ = 3 (number of particles is 72000) and a spring constant at C = 100, to obtain a very stiff Table I Conservative parameters (a ij ). has been coded and is used for the simulations.
Results and Discussion
In Fig. 8 
CONCLUSIONS
A method to simulate the evaporation process of polymer films is proposed using dissipative particle dynamics (DPD).
An evaporation model and effective mass are introduced to the conventional DPD method. In the evaporation model, when a solvent particle moves into the gas phase above the polymer solution, it becomes a gas particle and is determined as having been evaporated. Effective mass plays a role in restraining the mobility of polymer particles and decreasing solvent diffusivity at low concentration. With the help of additional techniques the evaporation phenomenon was successfully simulated, although this initial method was unrefined. Correlation of the simulation with an actual system is to be the next subject of future work. 
